A new look on γγ → DD, J/ψω experiments around √ s = 3.93GeV
If the broad bump around √ s = 3.83GeV in the M (DD) distribution of γγ → DD process is contributed by an S-wave broad resonance, an alternative explanation to the angular distributions near √ s = 3.930GeV of γγ → DD, J/ψω processes is proposed. It is found that the γγ → DD data allow for a significant contribution from the helicity-0 part of a tensor resonance, in which case the mass distributions and the angular distributions could also be explained in quite good quality. Furthermore, the angular distributions of X(3915) observed in the γγ → J/ψω process are in better agreement with that of a tensor state, whose helicity ratio is similar to that of X(3930), than a scalar state. It implies that the X(3915), which might have sizable non-qq components, could be explained as the same J P C = 2 ++ state observed in the γγ → DD process due to their similar masses and decay widths.
In recent years, along with the explosion of the experimental activities on the heavy quarkonium physics, more than a dozen of charmonium-like "XY Z" states above the open-flavor thresholds have been observed and the charmonium family is remarkably enriched [1] . However, the newly-observed states seem to deviate from the predictions of the quark potential models (see Ref. [2] for example), which proved successful in describing the masses of those states below the open-charm thresholds. The facts that the observed masses are usually lower than the values predicted in the quark potential models aroused theorists's attention on the coupled channel effects [3] [4] [5] [6] [7] , by which the mass shifts and the hadronic widths could be reasonably described [8] . Meanwhile, a recent potential model calculation with a screened potential also predicts a more compact mass spectrum [9] .
Among those XY Z states, the X(3915) was reported by the Belle group in two-photon fusion process γγ → J/ψω [10] and confirmed by the BaBar group [11] . The BaBar group studied the angular distribution among the final leptons and pions of J/ψ and ω, and suggested the J P C quantum numbers of X(3915) to be 0 ++ . In the PDG Table [1] , this state is quoted as χ c0 (2P ) now, following the suggestion of Ref. [12] . However, this assignment is questioned in Ref. [13] and Ref. [14] for the reason that the properties of X(3915) are far beyond the common expectations to χ c0 (2P ) [13] .
The identification of scalar resonances is a long-standing difficulty because some of them strongly couple to the nearby thresholds so that their poles are difficult to extract from the experimental data. For instance, the existence of the lowest scalar resonance, f 0 (500) or called as the σ resonance, causes debates over thirty years, until the amplitude analyses incorporating unitarity and crossing symmetry were carried out [15, 16] . The χ c0 (2P ) state, with vacuum quantum numbers J P C = 0 ++ , is expected to strongly couple to open-flavor channels such as the DD channels via Okubo-Zweig-Iizuka (OZI)-allowed modes. In the data of γγ → DD process from both Belle and BaBar, there is a broad bump below the narrow peak around 3.930GeV. The Belle group and the BaBar group both treated the bump structure as the background in different parametrization methods and then determine the narrow peak to be χ c2 (2P ) through the angular distribution analysis with the assumption of helicity-2 dominance. As argued in Ref. [13] , the low bump could be parametrized by a relativistic Breit-Wigner line shape with M = 3837.6 ± 11.6MeV and Γ = 221 ± 19MeV, which could be assigned as χ c0 (2P ). The mass of this state coincides with the predictions of coupled-channel models [7, 17] or a screened potential model [9] , and in a recent coupled-channel analysis the bare χ c0 (2P ) state at √ s = 3916MeV is found to be shifted to a pole at about √ s = M − iΓ/2 = 3814 − i67MeV by coupling to the nearby thresholds [8] .
Not only the mass distribution, but the angular distribution will shed more light on the properties of an observed structure. In this paper, by incorporating unitarity, we perform an amplitude analysis on the mass distributions and angular distributions in the γγ → DD process, and furthermore extend the discussion to the analysis of the γγ → J/ψω process. If the data of γγ → DD, J/ψω are analyzed together, we found that the present data prefer X(3915) to be a 2 ++ one rather than a 0 ++ state. The differential cross section of γγ → DD could be represented by two independent helicity amplitudes, M +± :
The partial wave expansions of M +± could be expressed as
in which the odd-J partial waves vanish. The definitions are similar to those defined in Ref. [18, 19] to study γγ → ππ but with a different convention. The d functions are Wigner d-functions. So the cross section for a certain partial wave with helicity λ reads
In principle, the coupled channel unitarity should be fulfilled for the partial wave amplitude [20] . As a result, when the energy region reaches above the J/ψω threshold, the partial wave amplitude could be represented as
where T J is the corresponding hadronic partial wave amplitude. The coupling functions, α i;Jλ , being smooth real functions in the physical region, only contain the left hand cut contributions [19, 20] . Under the pole dominance assumption, if the pole's couplings to the two channels are parameterized by g DD and g J/ψω , respectively, one can easily find that the ratios of the helicity 0 to the helicity 2 amplitude in the two channels are equal at the pole position. Due to the lack of enough data, we could not make a close-to-model-independent analysis as the discussion of γγ → ππ, KK in Ref. [19] , but made an analysis in a phenomenological manner. The partial-wave scattering amplitude of two spinless particles satisfies the unitarity relation
where i, f , and n denote the initial, final, and intermediate channels, respectively. If a certain L-th partial-wave amplitude is mainly contributed through a resonance, one can just write the hadronic scattering amplitude in an elastic relativistic Breit-Wigner form as used in experimental analyses [21] 
with M the nominal mass of the resonance and Γ its total width. The three-momentum of an out-going D meson in the DD center of mass frame is denoted by p, and p 0 is the corresponding value for √ s = M . The Blatt-Weisskopf factors F L are defined as in Ref. [22] 
with R = 1.5GeV −1 as used in Ref. [22] . We assume that the lowest two partial waves, the S-wave and D-wave, are contributed by two resonances, a 0 ++ resonance and a 2 ++ one respectively, dominating the γγ → DD process below 4.2GeV. The 0 ++ resonance contributes through the S-wave of helicity-0 amplitude, while the 2 ++ resonance contributes to both helicity-0 and helicity-2 amplitude. For simplicity, we parameterize every α i,Jλ (s) function by one parameter instead of by nonsingular polynomials with more free parameters, and for the lack of information about DD → J/ψω scattering amplitude, the relative strength and phase between the S-wave and D-wave of helicity-0 amplitude are parametrized by a complex number as βe iφ . Thus, the helicity amplitudes of γγ → DD are represented phenomenologically as
where
One could use these phenomenological amplitudes to fit the γγ → DD mass distributions and the average angular distribution in the region 3.91GeV < √ s < 3.95GeV simultaneously. The parameters are M χ c0 ′ , Γ χ c0 ′ , M χ c2 ′ , Γ χ c2 ′ , β 1 , φ 1 , and β 2 . The phase φ 2 will not be determined in the fit, and it is of no importance in our further discussion indeed. There are other two normalization parameters to rescale the mass distribution events and angular distribution events respectively.
First, we made an all-free fit with nine parameters to the mass distribution data below 4.2GeV and angular distribution data in the range of 3.91GeV < √ s < 3.95GeV from Belle and BaBar, respectively. The fit results are shown in "fit Belle 1" and "fit BaBar 1" columns of corresponding data sets in Table. I. The parameters of the J = 2 narrow resonance are close to the values presented by Belle [23] and BaBar [22] , while those of the broad J = 0 resonance are similar to the values in Ref. [13] . The φ 1 denotes the average phase between the S-wave and the D-wave of the helicity-0 amplitude, while the ratio R = (β 1 /β 2 ) 2 denotes the relative strength between the partial wave amplitudes from the helicity-0 part and the helicity-2 part of the tensor resonance. The angular distribution of around 3.93GeV shows the characteristics similar to sin 4 θ term so that the narrow peak is determined as a 2 ++ state by Belle and BaBar with the assumption of helicity-2 dominance expected in the quark model calculations [24, 25] . This assumption is also used by BaBar in determining the quantum number of X(3915) [11] . [23] and BaBar [22] data sets. The fitted data are only chosen below 4.2GeV. We will not make a model calculation but just analyze the experiment data to see whether the helicity-2 dominance assumption is in coincidence with the data of γγ → DD, J/ψω processes. Since β i s parameters have sizable uncertainties, we made other two kinds of fits by fixing the β 1 at 0 or 0.5 to realize the helicity-2 dominance or sizable helicity-0 contribution assumption. All three kinds of fits present similar qualities. Furthermore, all of them automatically reproduce separate distributions for |cosθ| < 0.5 or |cosθ| > 0.5 as shown in Fig.1 .
The determination of the ratio R eventually relies on the detection precision of the angular distribution at large |cosθ| region as pointed out in Ref. [26] . Due to the different behaviors of the angular distributions at large |cosθ| region, the data sets of Belle and BaBar prefer different helicity ratios. For both data sets, even if the helicity-0 part is dominant by fixing β 1 at 0.5, the fit result is of the similar quality. Thus, the first point of this paper is that the present data of γγ → DD process does not verify the assumption of helicity-2 dominance in the process involving the intermediate tensor χ c2 ′ state.
Furthermore, Belle analyzed the data of γγ → J/ψω process and found a near-threshold structure in the final J/ψω mass distribution [10] , which is named as X(3915). They claim that assuming the J P C quantum numbers of X(3915) to be 0 ++ or 2 ++ would not change the fit quality to the mass distribution. Then, the BaBar group made a further angular analysis of the final leptons and pions based on the calculation result of angular distribution of [27] . θ * l is defined as the angle between the momentum of the positively charged lepton from J/ψ decay (l + ) and the γγ axis in the J/ψω rest frame. θ * n is defined as the angle between the normal to the decay plane of the ω (defined as n) and the γγ axis in the J/ψω rest frame. θ ln is the angle between the lepton l + from J/ψ decay and the normal of ω decay plane, n [11, 27] .
with the helicity amplitudes A 0 and A ±2 suitably normalized, while the θ ln angular distribution for the decay of a 2 ++ X state produced in γγ collision is ++ resonance with the ratio between helicity-0 and helicity-2 parts determined in "fit BaBar 3" as in the last column of Table. I (solid line). The dotted lines show the results of a 2 ++ resonance with helicity-2 dominance used by BaBar in Ref. [11] .
in the absence of the J z = ±1 contributions when the photons are close to on shell [28] . The angular distributions of lepton or pion for a 0 ++ state do not show any dependence on the angles of θ * l or θ * n , and the angular dependence for a 0
By using the helicity-2 dominance assumption, the BaBar's analysis suggested the X(3915) to be regarded as a 0 ++ resonance [11] . However, since the X(3915) is almost degenerate with the X(3930) in γγ → DD, we wish to test that if the helicity-2 dominance assumption is abolished, the observed angular distributions can be explained by an intermediate 2 ++ resonance, or in other words, the X(3915) is just the X(3930). The helicity ratios of the 2 ++ intermediate state in γγ → J/ψω and γγ → DD are the same by using Eq.(4) and the pole dominance assumption. We choose the obtained R = (0.50/0.33) 2 of "fit BaBar 3" to produce the angular distributions of cosθ * l , cosθ * n , and cosθ ln , and compare them with the experimental data, as shown in Fig.3 .
We can find that the solid lines given by assuming a 2 ++ intermediate resonance in Fig.3 are in better coincidence with the BaBar data than the dashed line results given by assuming a J P C = 0 ++ one. The helicity-2 dominance assumption comes from the quark model quarkonium calculations [25] . The large helicity-0 contribution in our scenario means that X(3930) might not be a traditionalstate, but with a significant nonqq component, such as a dynamically produced molecular state [29] or perhaps a state heavily dressed by hadron loops [7, 8, 17] . Remind that many states above the open-flavor thresholds can not be described well in the quark model and they are most probably thestates mixed with the continuums.
To conclude, in this letter, we present a possibility to understand the γγ → DD, J/ψω data by the assignment of a wide lower χ c0 (2P ) and a 2 ++ resonance, abolishing the helicity 2 dominance assumption. We conclude that the present data prefer X(3915) to be a 2 ++ state. A more accurate angular distribution is required to identify its nature and the lower broad structure. In our scenario, the arrangements of "χ c0 ′ " and "χ c2 ′ " seem to be more compatible with the experiments.
